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Average  yearly  vertical  profilea  up  to  31  ka  iar  nMcUe  latitude, 
derived  independently,  for  mixing  ratio  and  moiatuie  dewpoint-frostpoint, 
are  presented.  Since  the  relation  between  mixing  rabo  and  frostpoint  is 
non>Unear,  other  moisture  expressions  were  derived  from  each  of  the  two 
basic  profiles,  using  Standard  Atmosphere  conditions.  Up  to  7  km  (400  mb) 
the  profiles  were  derived  by  an  indirect  approach;  fieisridinnal  radiosonde 
humidity  measurements  were  utilized.  Above  that  level  the  profiles  are 
based  uper  selected  experimental  humidity  ascents,  ashiectlvely  selected 
and  weighted.  The  mixing  ratio  profile  decreases  froaa  6.1S0  parts  per 
million  at  the  surface  to  9  at  16  km  then  increases  Mightly  with  height ; 
the  surface  dewpoint  is  taken  as  4*  C,  decreasing  to  -78  *C  at  18  km.  then 
increasing  to  -71*0  at  31  km. 


•• 


CoNtcnto 


Sei:tion  Page 

Abstract  iii 

List  of  Figures  vii 

List  of  Tables  ix 

1  PURPOSE  1 

2  INSTRUMENTS  2 

2.  1  Direct  Measurement  of  the  Frost  Point  3 

2. 2  Attenuation  of  Radiation  by  Water  Vapor  4 

2. 3  Collection  of  Water  Vapor  by  a  Filter  4 

3  MEASUREMENTS  5 

Table  1  8 

4  DISCUSSION  7 

5  BIAS  9 

Table  2  10 

Table  3  11 

6  TROPOSPHERE  12 

7  STRATOSPHERE  13 

8  RESULTS  18 

8.  1  Mixing  Ratio  18 

8.2  Dewpoint -Frostpoint  18 

8. 3  Other  Measurements  19 

Table  4  20 

Acknowledgments  27 

References  29 


V 


R|IM> 

PKg« 

Individual  hygrometric  ascents  on  the  east  coast  of  the  23 

United  States,  used  in  deriving  the  mean  mixing  ratio  pro* 
file.  Data  from  Maatenbrooi.  and  Dinger  <1960,  1961), 

Marks  (1960),  and  an  unpublished  report  by  Brown  and 
Pybus.  All  ascents  were  smoothed  except  B-2,  which  illus* 
tratea  the  variability  shown  by  some  of  the  original  data. 

Individual  hygrometric  (unpublished)  and  spectroscopic  24 

ascents  by  the  University  of  Denver  (Murcray  et  al,  1961), 
means  of  hygrometric  flights  by  the  Japanese  Meteorological 
Agency  (JMA  1960)  and  by  the  British  Meteorological  Research 
Flight  (Tucker  1957),  and  spot  measurements  by  the  UK 
Atomic  Energy  Autliority  vapor  trap  (Barclay  et  al  1960, 

Brown  et  al  1961)  and  the  General  Mills,  Inc.,  Molecular 
sieve  (Steinberg  and  Rohrbaugh,  1961). 

Estimated  mean  annual  mixing  ratio  in  middle  latitudes,  25 

as  derived  from  indicated  values  obtained  by  various  Uv  ■-‘lods. 

Estimated  mean  annual  dewpoint  and  frostpoint  in  middle  28 
latitudes,  as  derived  from  individual  values  anU  inears  cf 
various  investigations.  The  temperature  curve  is  tliat  of  the 
revised  U.  S.  Standard  Atmosphere. 
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for  nonsystematic  stratospheric  humidity  measurements. 

2.  Mixing  ratios  in  mg/kg  (parts  per  million)  at  DO  mb  over  10 

Tateno  O'),  Sapporo  (S),  Hachijoshima  (H),  and  Kagosliima 

(K),  Japan,  derived  from  dewpoints  rounded  to  nearest 
degree. 

3.  Mixing  ratios  in  mg/kg  (parts  per  million)  at  200  mb  over  11 

Tateno  (T),  Sapporo  (S),  Hachijoshima  (H),  and  Kagosliima 

(K),  Japan,  derived  from  dewpoints  rounded  to  nearest 
degree. 

4.  Mean  annual  mixing  ratio  (w)  and  dewpoint-frostpoint  20,  21 

(Tj,T^)  in  middle  latitudes,  to  31  lun,  based  on  aviiii;\ble 

routine  and  experimental  data  considered  reliable,  vith 
related  quantities  computed  (where  required)  for  conditions 
of  revised  U.  S.  Standard  Atmosphere,  1962. 
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Syntwb 


Symbol 

R 

T 

P 


W 

w 

U 

H 


d 

r 

■ 

V 


Meaning 

Denalty  of  air  or  of  water  vapor 

Temperature 

Preaaure 

Vapor  pressure 

Precipitable  water 
Mixing  ratio 

Relative  humidity 
Altitude 


Uidta  used  herein 

g/m^  or  aag/m^ 

•C 

microbaiw  (pb>  • 
10**mb 

.4 

micraoB  (p)  •  10  cm 

mg/kg  or  parts  per 
milliaB  (pi»n) 

pcrcest 

geopotcntial  km 


Subscripts 

Dewpoint 
Frostpoint 
at  saturation 

at  actual  vapor  concentration 


Additional  Notation 

A  symbol  followed  by  a  prime  (')  indicates  derivation  'rnm  the  mean 
dewpoint  or  frostpoint,  ratiier  than  from  mean  mixtiig  rat-c.  A  bar 
above  a  symbol  indicates  a  mean  value. 
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Mun  Anmul  Mid*L<tituclc 
Meirturc  Profile*  to  31  KM 


l.  ft’RPOSE 

This  study  offers  prelimirary  models  of  the  variation  with  height 
of  atmospheric  moisture,  similar  in  concept  to  that  of  other  standard 
atmospheres.  Standard  atmospheres  were  developed  primarily  as  a 
realistic  reference  for  the  standardization  of  aircratl  instruments  and 
performance  standards.  The  first  models  were  relatively  crude,  but  as  the 
needs  of  the  aircraft  and  associated  industries  increased,  and  as  atmospheric 
data  became  more  plentiful,  model  atmospheres  were  revised,  refined,  and 
extended  to  liigher  altitudes.  For  example,  the  U.  S.  Committee  on 
Extension  of  the  Standard  Atmosphere  (COESA)  is  sponsoring  Supplemental 
Atmospheres  for  every  15  •  latitude  for  summer  and  winter. 

Basic  elements  of  the  Standard  Atmosphere  are  temperature  and 
pressure  as  functions  of  altitude;  from  them,  virtually  every  other  desired 
element,  such  as  density,  mean  free  path,  molecular  weight,  etc. ,  can  be 
computed.  With  the  exception  o'  'ow-level  relative  humidity  Oata  used  in 
some  atmospheres  for  virtual  temperature  computations,  ri  .  variation  with 
altitude  of  any  moisture  parameter  is  not  mentioned  in  any  published  model 
atmosphere,  yet  scientists  and  designers  engaged  in  the  atmospheric 
radiation  field  have  a  pressing  need  for  such  information. 


(Author's  manuscript  approved  for  publication,  24  May  1962) 
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To  eatiofy  theae  needa,  two  independent  moiature  prodles  have 
been  developed  from  the  available  data  which,  after  thorou^  evaluation, 
appeared  reliable;  one  profile  ia  for  mixing  ratio,  the  other  for  dewpoint  and 
froatpoir...  Becauae  the  relation  between  mixing  ratio  and  dewpoint- 
froatpoint  ia  not  linear,  theae  two  seta  of  luo.ature  measure  differ  significantly. 
Each  ia  based  on  observations  reported  in,  or  converted  to,  appropriate 
units.  In  addition,  other  measures  of  moisture  (precipitable  water,  absolute 
humidity,  vapor  density,  relative  humidity)  have  been  derived  from  each  of 
the  two  basic  representations. 

The  paucity  and  ambiguity  of  upper-air  moiature  data  make  the  models 
offered  here  quite  crude,  and  limit  them  to  the  middle  latitudes  (3S*  to  S5*) 
of  the  Northern  Hemisphere;  no  stratospheric  moisture  measurements  are 
available  as  yet  for  the  Southern  Hemisphere.  The  models  are  restricted  to 
average  yearly  values,  and  ext...td  only  to  31  km,  the  upper  !im<»  of  observation. 
As  observations  increase,  the  models  can  be  revised,  refined,  and  extended, 
to  evolve  in  the  same  way  as  other  representations  of  atmospheric  structure. 

2.  INSTRUMENTS 

Routine  upper-air  measurement  of  temperatures,  pressures,  and 
humidities  are  made  by  radiosonde.  The  humidity  measurements  are  the 
least  accurate  of  all  theae,  and  are  the  most  limited  in  vertical  extent.  Many 
different  humidity  elements  have  been  used  at  one  time  or  another  in 
radiosondes  (hair,  goldbeater's  skin,  lithium  chloride,  carbon  element,  etc.), 
but  none  has  yet  proven  entirely  satisfactory.  The  lithium  chloride  strip  in  the 
current  U.  S.  radiosonde  ceases  to  function  at  temperatures  below  -40  *C  or, 
when  the  relative  humidity  is  very  low. 

Estimates  of  relative  humidity  called  '  statistical  Viil'ics"  are  recorded 
when  the  hygrometer  is  below  its  operating  range.  For  example,  when  the 
humidity  element  causes  "motorboating"  at  12*  to  4C*C  a  statistical  value 
of  12  %  is  recorded  in  parentheses  on  the  appropriate  form  (.4ir  Weather 
Service  1961);  but  on  punch  cards  for  machine  tabuiatioi.;.  'he  statistical 
value  is  used  without  such  notation,  and  the  machine  tabulations  include  these 
estimated  values.  All  the  conventional  radiosonde  humidity  data  used  in  this 
report  were  machine  tabulated  from  radiosondes  utilizing  a  lithium  chloride 
humidity  element;  hence,  they  contain  the  aforementioned  errors. 

More  than  half  the  humidities  reported  at  400  and  300  mb  at  12 
representative  stations,  from  Anchorage  to  Miami,  during  the  five  years, 
1956-1960,  were  such  "statistical"  values.  Maximum,  average,  and  minimum 
percentages  of  estimated  values  as  listed  in  an  unpublished  Weather  Bureau 
tabulation  were: 
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I.evel  (mb) 

h50 

700 

500 

400 

300 

Maximum 

21 

40 

53 

58 

78 

Average 

8 

IS 

39 

50 

60 

Minimum 

3 

9 

28 

36 

52 

Temperature  limitations  preclude  radiosonde  humidity  data  at 
altitudtr  higher  than  9  km  in  the  mid-latitudes.  In  fact,  most  aummariied 
data  extend  only  as  high  as  400  mb  (7  km).  At  higher  altitudes,  present 
knowledge  of  humidity  has  been  obtained  from  experimental  ascents 
utilizing  special  humidity-measuring  equipment.  Of  all  the  many  instrument 
or  methods  used  to  obtain  high-altitude  humidity  values,  all  but  three  have 
cither  been  proven  unreliable  or  are  still  in  the  developmental  stage.  Any 
system  may  be  subject  to  possible  contamination  of  the  air  sample  by 
water  vapor  carried  aloft  by  the  balloon,  aircraft,  or  instrument. 


2.1  Direct  Measurement  ot  the  {-cost  Point 

Direct  measurement  of  the  frostpoint  has  been  by  far  the  most 
common  niethod  ot  measuring  stratospheric  humidity.  The  frostpoint 
hygrometer  consists  of  a  polished  plate  cooled  by  a  refrigerating  system 
until  frost  occurs,  a  sensing  device  to  detect  the  frost  formation,  stop 
the  refrigeration  and  start  a  heating  element  to  melt  the  frost,  and  a 
temperature-measuring  device  (thermistor)  embedded  in  the  plate.  Thus 
the  device  "hunts"  for  ',ne  temperature  at  which  frost  first  occurs,  and 
measures  the  frostpoint  (Tj)  directly. 

The  frostpoint  hygrometer  has  several  variations.  An  aircraft  - 
mounted,  manually-operated,  model  is  used  extensively  in  England,  while 
balloon-borne  automatic  (telemetering)  cievices  have  been  usci  .ilmost 
exclusively  in  the  U.  S.  and  Japan. 

The  frostpoint  hygrometer  has  been  much  critized  for  possible 
inadequate  cooling  power  of  the  refrigeration  system,  overcompensation  by 
the  heating  coil,  inadequate  ventilation  of  the  instrument,  etc.  The 
instrument  has  undergyne  considerable  modification  to  eliminate  some  of  the 
objectionanie  leaiur  es,  aiiu  coritinuca  to  be  the  most  common  mc+hoH  of 
measuring  stratospheric  moisture. 


9 


2.2  Atu-niulioa  of  Radiation  bv  Water  Vapor 

Attenuation  at  radiation  by  water  vapor  is  measured  by  coupling  a  sun* 
seeker  with  a  spectrometer  flown  on  a  balloon  (aircraft  platforms  have  occasionally 
been  used).  From  measurement  of  the  infrared  solar  spectrum,  the  amount  of 
water  between  the  spectrometer  and  the  sun  can  be  deduced.  To  obtain  a  vertical 
moisture  profile,  several  observations  must  be  made  on  each  ascenl.  The 
accuracy  of  the  infrared  absorption  measurements  has  not  been  questioned  but 

19 

the  results  of  such  measurements  are  somewhat  subjective  (Murcray,  et  al.  1961) 
because: 

a.  Absorption  by  the  water  vapor  in  the  path  is  a  function  of  the 
temperature  and  pressure  and,  thus,  depends  on  their  vertical  structure  above 
peak  altitude;  this  structure  must  be  assumed  by  the  analyst, 

b.  The  selection  of  the  absorption  laws  to  be  used  in  calculating  the  amount 
of  watb,  vapor  is  not  clear-cut  but  depends  on  the  judgement  of  the  analyst. 

2.1  CaUu.tkia  of  Water  Vapor  by  a  Filter 

Collection  of  water  vapor  by  a  Alter  is  done  by  devices  carried  aloft  to 
the  predetermined  altitude  by  balloon.  A  known  amount  of  air  passes  throu^  an 
effic  lent  collector  that  removes  all  of  the  water  vapor.  The  instrument  is  then 
cut  loose,  recovered,  and  analyzed  quantitatively  for  water  so  that  the  mixing 
ratio  (w)  is  measure  directly. 


These  absorption  devices  generally  ar  e  considered  by  most  investigators 
to  be  the  most  accurate  of  all  stratospheric  humidity  measuring  devtcea.  Un¬ 
fortunately.  such  devices  do  not  give  vertical  profiles.  In  theory,  proflles  can 
be  obtained  by  suspending  a  number  of  devices  from  the  same  bulloon  to  sample  at 
a  number  of  levels;  in  practice,  the  number  of  devices  is  sev^-ruly  limited  by  the 
payload  capacity  of  the  balloon.  Alternatively,  a  number  of  b’l 'loons  could  be 
released  simultaneously  to  sample  at  different  levels,  but  this  approach  is  also 
oeset  with  technical  difficulties.  To  date,  only  single  altitude  samples  have  been 
made.  Two  different  instruments  utilizing  this  principle  have  been  used; 

a.  A  "Nitrogen  -Cooled  Vapor  Trap"  designed  for  and  flown  by  the 
United  Kingdom  Atomic  Energy  Authority  (UKAEA).  In  this  device  the  water  vapor 
and  COj  are  frozen  out  when  the  air  passes  through  a  trap  cooled  with  liquid 
nitrogen.  Since  the  ratio  of  COj  to  air  is  constant  to  altitudes  far  above  30  km, 
the  total  amount  of  ingested  air  can  be  deduced  by  measuring  the  amount  of  CO^ 

in  the  trap  (Barclay,  et  al.  1960;^  Brown,  et  al.  1961)? 

b.  In  the  "Molecular  Si  eve,"flown  by  General  Mills,  Inc.,  the  absorber  is 
a  chemical  (zeolite)  which  trape  the  water  vapor  as  well  as  COj.  The  air  passinv 

through  the  zeolite  filter  is  metered  and  a  CO,  determination  is  also  made,  tlius 

•  2( 
giving  a  double  check  on  the  amount  of  ingested  air.  (Steinberg  and  Rohrbou;^  1961)r 
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3.  ME\Sl'P.rMENTS 

Available  humidity  data  can  be  classified  conveniently  into  two 
general  classes:  up  to  400  mb  (about  7  km)  ar'*  from  that  point  to  10  mb 
(31  km).  In  this  study  tne  average  elevation  of  annual  mid-latitude  tropopause 
has  been  taken  as  11  km,  in  crcordance  with  the  Standard  Atmospiiere; 
elevations  above  11  km  will  be  referred  to  as  stratospheric,  and  below, 
tropospheric. 

Up  to  400  mb,  where  the  conventional  radiosonde  humidity  element 
often  functions,  a  veritable  wealth  of  data  exists,  except  over  oceans  and 
sparsely  populated  regions.  Summaries  of  radiosonde  ascents  are  published 
as  part  of  the  official  publication  of  various  weather  services.  A  reasonably 
good  world-wide  sample  of  data  <s  also  published  by  the  U.  S.  Weather  Bureau 
(or  WMO  as  part  of  the  CLIMAT  reports  (Monthly  Climatic  Data  for  the 
World).  Low-level  humidity  data  are  so  plentiful  that  world-wide  maps  have 
appeared  for  the  mid-seasonal  months  giving  the  aniount  of  precipitable 
water  above  the  surface  and  above  H50,  <00,  and  500  mb  le<'els  (Bannon  and 
Steele  1960)  ,  However,  when  the  temperature  was  low  and  tne  water  vapor 
content  at  300  mb  was  not  measured  (as  is  often  the  case),  it  was  assumed 

to  be  zero.  Monthly  and  annual  maps  of  the  average  precipitable  water  from 

22 

the  surface  to  325  mb  over  the  U.  S.  also  are  available  (Reitan  1960)  , 

In  these,  also,  precipitable  water  was  assumed  to  be  zero  at  temperatures 
of  -40*C  and  lower;  however,  at  350  mb  the  "motorboating"  value  was 
used  for  tne  anpropriate  temperature  when  the  relative  humidity  was  missing 
at  that  level. 

Moisture  data  are  extremely  scarce  above  400  mb  compared  to  the 
lower  levels.  Wi  tn  two  exceptions,  all  stratospheric  mc>.;i:, re  measurements 
have  been  taken  nonsy  jtematicaUy  by  individuals  and/or  organizations 
interested  in  the  fleld.  These  ascents  were  made  sporadically  whenever  the 
time,  location,  funds,  etc. ,  were  available.  Less  than  50  such  stratospheric 
ascents  have  succeeded,  and  leas  than  10  reached  or  exceeded  31  km.  Table  1 
lists  the  instruments,  principal  investigators,  and  organizations  making  these 
nonsystematic  stratospheric  moisture  ascents  yielding  discrete  moisture  data 
at  given  pressures  or  altitudes. 
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Table  1 

Instnimenta,  investigators,  and  orgaiiizations  responsible 
(or  nonsystematic  stratospiier'c  humidity  measurements. 

INSTRUMENT  REFERENCE  ORGANIZATION 

Automatic  frostpoint  E.  W.  Barrett.  L.  R.  Herndon  Univ.  o(  CMcago 

4 

hygrometer  and  A.  J.  Carter  (IBSO) 

Hygristor  C.  J.  BraseReld  (1954)^  USA  Signal  Corps 

Vapor  trap  F.  R.  Barclay.  M.  J,  Eliot.  United  Kingdom 

P.  Goldsmith.  J.  V.  Jelly,  Atomic  Energy 

(1960).^  F.  Brown,  H.  F.  Green,  Authority  (UKAEA) 

A.  G.  Parham  (1961)^ 

Automatic  (rostpoint  J.  A.  Brown  and  E.  G.  Pybua  USA  Ballistic  Rer.earch 

hygrometer  (1960)^  Laboratories  (BRLl 

Automatic  frostpoint  H.  J.  Mastenbrook,  USN  Research 

hygrometer  J.  E.  Dinger  (1960.  1961)^^'  Laboratory  (NRL) 

Infrared  spectrometer  D.  C.  Murcray,  F.  H.  Mure  ray  Univ.  of  Denver 

and  automatic  frost*  W.  J.  Williams  (1961)^^  (U  of  D> 

point  hygrometer 

Automatic  frostpoint  T.  W.  Caless  (1961)^  Bendix  Aviation  Corp. 

hygrometer,  aircraft* 

borne 

Molecular  sieve  S.  S.  Steinberg  and  ..cneral  Mills,  Inc. 

S.  F.  Rohrbough  (1991)*® 


Two  sets  of  more  or  less  aystematic  probes  of  stratospheric 
humidity  conditions  have  been  made.  The  British  Meteorological  Research 
Flights  (MRF)  used  manually  operated  frostpoint  hygrometers;  maximum 

altitude  reached  by  the  aircraft  were  about  12S  mb  (IS  km).  Most  ascents 

27 

were  over  southern  England  fTucker  1957),  but  some  were  as  far  away  as 
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northern  Norway  (Brewer  19SS)  and  Kenya  (Kerley  1961).  Nearly  400  ascents 
over  southern  Engla.ad,  well  distrilxited  througltout  the  year,  reached  or 
exceeded  9  km. 

In  its  IGY  program,  the  Japenese  Meteorological  Agency  (JMA) 
utilized  balloon-borne  automatic  frostpoint  hygrometers  (JMA  1960)  during 
September  and  December,  1957;  and  March,  June,  September,  and  December, 
19S8,  at  Sapporo  (43N,  141B),  Tateno  (36N.  140E),  Hachijoshima  (33N;  140E), 
and  Kagoshima  (32N,  t31E).  On  several  occasions  two  ascents  were  made 
in  one  day;  on  some  days  soundings  were  made  at  two  or  more  stations 
simultaneously.  About  100  ascents  reached  300  mbs;  2  ascents,  10  mbs  (31  km). 

4.  DISCUSSION 

The  first  systematic  measurements  of  stratospheric  humidity,  by 
the  MRF  indicated  frostpoints  of  -80  to  -8S*C,  giving  mixing  ratios  around 
2  mg/kg  (parts  per  million)  at  14  to  IS  km,  with  no  apparent  seasonal  or 
geographical  variation.  TIds  constancy,  and  the  general  dryness,  were  not 
substantiated  by  other  ascents  in  the  United  States,  or  by  the  JMA  flights. 

No  tenable  theory  of  atmospheric  circulation  can  explain  all  such  observations 
(Gutnick  1960;*^  Sissenwine  and  Gutnick  1960;^^  Greenfield  and  Kellogg  1960;^* 
Gutnick  1961^^. 

However,  one  feature  of  the  stratospheric  moi*t':!  n  regime  is  rapidly 
gaining  wide  acceptance  among  scientists  in  the  field;  the  tructure  of  the 
mixing-ratio  profile.  Recent  humidity  ascents  show  a  deci-ease  in  mixing 
ratio  with  altitude  to  a  minimum  value  several  kilometers  above  the  tropo- 
pause,  the  exact  altitude  differing  from  ascent  to  -scent.  Above  this  point 
the  mixing  ratio  increases  to  at  least  32  km,  the  Mghest  altitude  to  which 
analysis  could  be  extended.  As  yet  no  noncontroversial  tenable  theory  has 
been  advanced  to  explain  the  (diysical  mechanism  involved. 

How  should  an  average  stratospheric  moisture  profile  be  constructed? 

Some  authorities  advocate  use  of  only  those  data  which  are  considered  reliable. 
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But  experts  do  not  agree  which  data  are  reliable  (Gutnick  1961),  Any  profile 
based  on  such  selection  must,  of  necessity,  be  subjective.  It  will,  to  a 
great  extent,  reflect  the  optnions,  prejudices,  and  experience  of  the  selector. 


Despite  these  llmitutions,  the  present  state-of-the-art  renders  this 
uppronrh  the  only  loKleal  mctha<l  for  obtaining  a  moisture  profile.  Indiscriminate 
use  of  avuiliible  itutn  (some  of  which  are  doubtless  in  error)  would  yield  a 
meaningless  hodgeiudge  profile. 

The  stratosphere  moisture  profiles  presenied  here  arc  based  on 
those  stratospheric  mois'iire  ascents  which  promised  the  most  valid  results. 

Thus  the  moisture  profiles  in  the  stratosphere  arc  subjective  educated  gucscc.  . 

A  valid  annual  profile  of  any  atmospheric  parameter  must  be: 

a.  Representative  of  all  months  or  seasons; 

b.  Representative  of  the  climatic  types  comprising  the  selected 
area; 

c.  Based  on  an  unbiased  sample,  1.  e.  the  selected  sample  must 
represent  average  conditions  and  not  some  unusual  year  or  years. 

d.  Physically  consistent  with  know  information,  e.  g.  at  any  altitude, 
the  mean  dewpoint  cannot  be  warmer  than  the  mean  temperature. 

The  paucity  and/or  reliability  of  stratospheric  humidity  data  are  such 
that  the  only  condition  that  could  be-objectively  satisfied  was  that  of  physical 
validity  ("d"). 

Since  the  nonsystematic  data  were  too  few  in  number  and  too  sporadic 
in  time  and  space  to  give  general  conclusions,  only  the  systematic  ascents 
(JMA  and  MRF)  could  be  used  for  this  type  of  analysis. 

In  all  JMA  ascents  a  conventional  radiosonde  and  a  frostpoint  hygrometer 
were  flown  simultaneously.  The  standard  elements  ftemperat'trc,  height, 
relative  humidity)  were  obtained  (when  available)  from  the  radiosonde  at  all 
standard  levels  between  1000  mb  and  10  mb.  The  only  elements  recorded  or 
derived  from  the  frostpoint  hygrometer  were  temperature,  dewyi'ini,  and 
relative  humidity.  To  give  equal  weight  to  each  day,  all  pairs  ji  twice-a-day 
ascents  for  each  station  were  averaged  as  one  observation.  For  each  ascent 
the  frostpoint  and  mixing  ratio  were  recorded  for  every  standard  level  above 
400  mb.  For  Tateno  only  the  700,  500,  and  100  -  mb  temperature^,  and  the 
dewpoints  from  both  instruments  at  the  500,  and  700  -  mb  lev-la,  were 
extracted.  Stratospheric  moisture  content  in  the  JMA  data,  unlike  that 
indicated  by  the  MRF  data,  was  extremely  variable  fTables  2  and  3). 
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5.  BIAS 


To  aeek  general  conclusions  on  seasonal  or  spatial  variations, 
the  moisture  data  for  all  four  JMA  stations  were  combined  into  two  categories; 
June  and  September  (warnil,  December  and  March  (cold).  Although  the  MRF 
ascents  indicated  no  seasonal  variation  in  the  lower  stratosphei  e,  the  JMA 
mean  mixing  ratios  for  the  warm  and  cold  seasons  differ  by  an  average  of 
13  mg/kg  at  each  stratospheric  level;  the  maximum  difference  was  49  mg/kg. 
Mixing  ratios  ranged  from  1  to  138  mg/kg  at  200  mb,  and  from  1  to  84  mg/kg 
at  SO  mb  in  the  warm  season;  from  4  to  63  mg/kg  at  200  mb,  and  2  to 
96  mg/kg  at  80  mb  in  the  cold  months. 

The  MRF  ascents  showed  the  moisture  content  of  the  lower 
stratosphere  was  similar  for  all  geographic  areas  and  climatic  regimes,  but 
the  means  of  the  MRF  ascents  are  among  the  driest  and  the  mean  jMA  ascent 
the  wettest  On  record,  in  terms  of  mixing  ratio. 

This  conflict  between  the  JMA  and  MRF  data  precluded  any  firm 
decision  on  seasonal  or  geographical  variations.  The  most  conservative 
approach  was  to  assume  both  seasonal  and  geographic  variation.  Thus  the 
sample  selected  for  analysis  should,  as  nearly  as  possible,  run  the  gamut 
of  geographic  areas  and  represent  an  average  of  all  seasons  in  the  desired 
area,  i.  e,  middle  latitudes. 

Both  the  MRF  and  JMA  data  were  tested  for  possiVo  bias  by 
comparing  long-period  (climatological)  records  of  elements  with  those 
measured  on  the  hygrometric  ascents.  Mean  annual  temperatnres  at  the  700. 
300  and  200  -  mb  levels  from  the  MRF  ascents  were  compared  io  the 
climatological  means  at  Larkhill  (southern  England)  while  i'  e  annual 
temperatures  from  the  JMA  ascents  (mean  of  December,  Mai  ch,  June  and 
September)  for  Tateno  at  700,  500  and  100  mb  were  compar'-d  to  the  long¬ 
term  Tateno  mean  (Goldie,  Moore,  and  Austin  1958)1® 


Pressure  surface,  mb 

700 

300 

200 

100 

(MRF 

-4 

-21 

-55 

. 

England  (LarghiH  mean 

-4 

-20 

-56 

- 

Japan  Flights 

-1 

-15 

. 

-62 

CTateno  mean 

0 

-14 

- 

-61 

4 
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The  excellent  agreement  auggesta  that  the  aamplea  rre  repreaaitiitive,  aod 
that  combining  December,  March.  June,  and  September  for  the  JMA  ascenta 
to  yield  an  annual  value  ia  probably  valid. 

Virtually  every  atratoapheric  moiature  aacent  ia  Uaaadto  aome 
degree  Moat  balloona  are  launched  only  when  **'  e  aurface  wind  apeeda  are 
low;  and.  becauae  there  ia  danger  of  water  contamination  to  the  iaatrument, 

hygrometric  aacenta  are  limited  to  rainleaa  daya.  The  vapor  trap  waa  ixown 

£ 

in  England  (Brown,  Goldamith,  Green,  Holt,  and  Parham  Ifil)  aedy  with 
light  aurface  winda,  clear  akiea,  and  a  vertical  wind  profile  aabhthat  the 
balloon  waa  not  carried  o<'er  the  aea.  Such  conditiona  oca  r  aif  Hintnualy 
on  only  a  few  daya  in  apring  and  aummer. 


6.  TROPOSPHERE 


The  moat  obvioua  and  direct  method  for  obtaining  the  eartical  moiature 
diatribution  in  the  tropoaphere  would  be  to  map  the  appropriate  radioaonde 
data  on  a  world -wide  baaia.  then  pick  off  valuea  at  grid  poiida,  or  planimeter 
the  mapa  to  give  the  deaired  reault,  Thia  direct  approach  woaU  be  extremely 
coatly  and  time-conauming  for  relatively  amall-preaaure  incremcata  (about 
every  SO  mb),  aince  moat  publialied  radioaonde  data  are  oofy  ta*  the  atandard 
levela  (aurface  8S0,  700,  500,  etc. ). 

A  aimple  alternate  method  waa  deviaed,  uaing  rcceot^  pabliahed 

A 

world-wide  mapa  (Bannon  and  Steel  I960)*  of  precipitable  watr;' above  the 
aurface,  above  850  mb,  above  700  mb  and  above  500  mb  (in  practice  the 
above  refera  to  an  upper  limit  of  300  mb).  Averaging  the  mid  reenonal 
montha  at  grid  pointa,  for,  aay  45  *N,  gave  the  mean  annual  nrecipttable  water 
at  latitude  45  *N,  above  each  of  the  levela.  But  the  mixinf  itaea  or  dewpointa 
uaed  to  conatruct  the  precipitable  water  mapa  could  not  be  reOnived.  However, 
a  atation  (or  aeveral  atatione)  liaving  cloaely  aimilar  preclpi*?.Me  water 
valuea  for  the  aame  layera  ahould  exhibit  vertical  distributteis  of  mixing 
ratioa  and  dewpointa  repreaentative  of  the  reapective  mean  aaeual  valuea  for 
45  *N,  Although  any  one  of  an  infinite  number  of  mixing-ratio  cambinationa 
will  yield  the  aame  precipitable  water  value  above  one  level;  for  all  practical 
purpoaea,  only  one  vertical  diatribution  will  yield  aimilar  preci^table  water 
valuea  above  four  widely-aeparated  aurfacea,  eapecially  if  the  oixing 
ratioa  muat  decreaae  with  altitude  in  the  tropoaphere. 


Thus  in  practice  two  stations  having  the  same  .imount  of  precipitable  water 
from  tiie  surface,  850,  700,  and  500  mb  to  300  mb,  and  their  mixing  ratio 
decreasing  with  height,  almost  certainly  have  similar  vertical  distribution 
of  mixing  ratios  and  dewpoints. 
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From  the  data  o'  Reitan  (1960)  —  1  other  available  material, 

the  search  for  typical  stations  was  narrowed  down  to  several  possible 
choices.  The  final  selection  was  mean  of  Fukuoka,  Japan,  (33  *  35'  N, 

130  •  27'  E)  for  January  and  October,  and  Washington,  D.  C. ,  (38  •  50'  N, 

72  •02'  W)  for  April. 

The  mean  annual  precipitable  water  (cm)  from  the  various  levels 
to  300  mb,  as  derived  from  the  maps  of  Bannon  and  Steele  for  45  *N  and 
obtained  from  the  mean  of  Fukuoka  (January  and  October)  and  Washington, 
D,  C. ,  (April)  was: 


Level  (mb) 

SFC 

850 

700 

500 

From  maps  at  45  “N 

1.6 

0.  9 

0.4 

0.1 

Fukuoka  +  Washington 

L6 

0.  9 

0.4 

0.  09 

Mixing  ratios  and  dewpoints  for  Fukuoka  and  Washington  were 
machine-tabulated  at  50  mb  increments  from  the  surface  to  400  mb  and  were 
used  to  derive  the  moisture  profiles,  as  described  later. 

7.  STRATOSPHERE 

Selection  of  the  most  suitable  stratospheric  moi:.ture  ascents  from 
the  available  data  was  indeed  a  vexing  problem,  for  lacS:  of  established 
criteria  or  standards.  The  various  groups  making  strt'ospheric  moisture 
ascents  were  requei.ned  to  select  one  or  more  best  ascetits.  Some  had  already 
given  evaluations  in  print,  and  others  had  utilized  insl:  un.entation  now  known 
to  be  faulty.  No  sounding  was  used  which  showed  any  inictnal  inconsistencies 
(super-saturated  layers)  or  malfunction  during  ascent. 

Stratospheric  moisture  soundings  utilized  in  construction  of  the 
moisture  profile  were: 
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a.  Three  NRL  profilea  of  8  Februa.-y  1960,  8  April  1960,  27  June  1960 
wer”  selected  (Mastenbrook  and  Dinger  1960,  1961).  All  were  taken  at  the  NRL. 
Chesapeake  Bay  Annex  (CBA)  some  40  miles  southeast  of  Waaliington,  D.  C. ; 
very  long  load  lines  (900  ft)  were'used  to  minimize  possible  contamination 
from  the  balloon.  The  investigators  placed  greatest  confidence  in  the  latest 
two  flights  (27  June  and  8  April)  primarily  becau*  -  of  the  excellent  agreement 
between  ascent  and  descent.  Actually,  such  agreement  is  a  two  -  edged  sword; 
while  it  is  doubtless  a  good  test  of  the  repeatability  of  the  hygrometer,  agree¬ 
ment  between  ascent  and  descent  may  indicate  a  static  weather  situation;  thus, 
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use  of  such  data  exclusively  may  lead  to  a  highly  biased  result  (Gutnick  1961). 
The  investigators  also  felt  that  the  8  February  flight  provided  representative 
results  during  descent  (all  of  the  NRL  data  used  in  this  study  were  descent 
data), 

b.  Two  Ballistic  Research  Laboratory  (BRL)  ascents,  on  3  April  1960 
at  Aberdeen,  Md.  (unpublished)  and  29  April  1960  at  Ft.  Monmouth,  N.  J. 

(Marks  1960),^^  were  selected  by  Brown  and  l^bus  from  their  extensive  series 
of  nonsystematic  moisture  ascents,  many  as  yet  unpublished,  from  Arctic 
to  the  Antarctic. 

c.  7'wo  University  of  Denver  ascents  were  chosen,  an  infrared 
spectrometer  flight  on  18  April  1960  and  a  hygrometric  ascent  on  1  March  1961, 

both  at  Holloman  Air  Force  Base,  Alamogordo,  N,  M.  The  spectrometer 

Id 

ascent  (Murcray,  Murcray  and  Williams  1961)  was  the  only  one  of  its  kind 
having  enough  points  for  a  complete  profile  to  be  constructed  to  26  km;  the 
assumptions  used  in  its  computation  appear  reasonable  and  the  shape  of  the 
mixing  ratio  profile  agrees  with  that  generally  accepted.  The  iiygrometric 
ascent  (unpublished)  was  described  in  a  letter  from  D.  Murcray  as  having 
been  made  on  the  some  balloon  with  a  spectrometer: 

"The  sun-seeker  didn't  work  v'ery  well  and  we  only  got  spectra  up  to 
about  40,  COO  feet.  The  frostpoint  instrument  worked  very  well,  and  we  got 
what  we  think  are  reliable  measurements  of  the  frostpoint.  W«.  monitored  the 
temperature  continually  and  also  periodically  heated  the  mirro.  Co  make  sure 
the  frost  was  removed  and  let  the  mirror  return  to  the  frostpoint.  The  servo 
system  appeared  to  be  working  very  well,  and  the  aystem  set  at  a  definite 
value  with  none  of  the  oscillation  we  had  noted  when  we  flew  the  instrument 
on  ether  occasions.  "  Subsequent  chock  of  the  data  indicated  that  calibrations 

were  accurate. 
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d.  Th«  UKAEA  idtro gen-cooled  vapor  Irap  was  Down  seven  times 
in  the  spring  or  summer  of  1958.  1959,  and  1960,  over  southern  England 

g 

(Brown,  et  al.  1961),  Samples  were  taken  at  elevation,  ranging  from  24.  4 
to  30.  2  km  (mean  height  27.  5  km),  with  special  preca  'ions  to  prevent  or 
check  against  contamination.  By  "spiking"  the  hydrogen  in  the  balloon 
with  deuterium,  water  vapor  difhision  througi.  the  lalloon  skin  was  shown  to 
be  unimportant. 

e.  One  of  the  three  General  Mills’  molecular  sieve  ascents  was 
used,  that  of  15  March  1961,  when  two  units  were  flown  at  San  Angelo,  Texas. 
One  malfunctioned:  on  the  other  the  amount  of  ingested  air  at  21.  9  km 
measured  by  the  flow  meter  agreed  with  the  CO^  determination.  The  first 
flight  had  been  unsuccessful. 

f.  The  JMA  data  had  been  carefully  acrejned  before  publication 
14 

(JMA  1960),  Ascents  on  which  the  heating  coil  circuit  gave  trouble  and  those 
which  indicated  supersaturation  were  rejected.  The  mean  absolute  differences 
between  dewpoints  of  the  conventional  radiosonde  and  the  frnstpoint 
hygrometer  at  the  700  and  500  mb  level  were  within  the  range  of  radiosonde 
error. 

g.  The  large  number  of  MRF  ascents,  the  high  scientific  calibre 

of  the  personnel  taking  the  observations,  and  the  carefully-tested  instrumen¬ 
tation  made  their  inclusion  a  virtuol  necessity. 

All  stratospheric  moisture  ascents  used  in  this  study  are  presented 
in  Figures  1  and  2.  in  both  figures,  the  abscissa  is  mixing  ratio,  on  a 
logarithmic  scale;  the  ordinate  is  height  in  kilometers.  On  the  right,  an 
auxiliary  scale  gives  the  pressure  corresponding  to  height  in  the  revised 
U.  S.  Standard  Atmosphere,  because  ntost  of  the  basin  data  were  given  in 
terms  of  mixing  ratios  at  certain  pressures,  not  heights;  only  the  University 
of  Denver  hygrometric  and  spectrograpiiic  flights,  and  th>.  molecular  sieve 
and  vapor  trap  results,  had  been  published  as  mixing  r.tti'tu  with  respect  to 
height. 


Use  of  a  single  Standard  Atmosphere  relation  to  convert  the 
various  ascents  to  a  common  height  basis  leads  tu  only  ’^e.^ligible  error. 
Because  pressure  decreases  logarithmically  with  height,  the  percentage 
variation  in  the  height  of  a  pressure  surface  is  much  less  than  the  percentage 
variation  in  the  pressure  at  a  fixed  height.  For  example,  at  45  'N,  the 
height  of  the  30  -  mb  surface  varies  about  4%,  from  a  mean  of  24  km  in 
winter  to  25  km  in  summer;  while  at  24  km  the  mean  pressure  varies  by 
12%.  from  28.  2  mb  in  winter  to  31.  8  mb  in  summer.  Hence,  the  conversion 
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of  mlxlngTatio  measurements  from  pressure  surface  to  hsigliC  iali<aiaceB 
less  error  than  would  the  conversion  from  heights  to  pressure  serlhciia. 

However,  this  reverse  conversion  was  required  to  detendae  the 
frostpoints  cor.  esponding  to  the  mixing  ratios  of  the  two  Universi^  of  Denver 
flights,  the  molecular  sie%e,  and  the  vapor  trap,  .'ince  these  data  had  been 
smoothed  originally,  and  applied  to  layers  rather  than  points,  the  cnvr 
resulting  from  the  use  of  Standtrd  Atmosphere  relations  is  negHgfhle;  more 
precise  conversion,  using  atmospheric  conditions  prevailing  stthetiaws  of 
the  various  flights,  was  possible  but  not  worth  while.  Future  datcradnations 
of  stratospheric  moisture  would  be  of  much  greater  utility  if  eafsesert  in 
terms  of  both  pressure  and  height. 

All  the  ascents  except  the  JMA,  MRF,  BRL,  and  U  of  D  fraatpoint 
soundings  had  been  smoothed  by  the  original  investigators.  The  JMA,  MRF, 
and  Ft.  Monmouth  ascents  were  sufnciertly  regular  that  they  remiired  no 
smoothing.  The  U  of  D  frostpoint  ascent  was  smoothed  by  plottiagtlkc 
mixing  ratio  at  every  1  km  interval.  The  Aberdeen  ascent  was  deliberately 
left  unsmoothed  to  illustrate  the  "layering"  effect  that  is  often  a  feature  of 
stratospheric  hygrometric  ascents.  Such  layers  may  be  real  or  any  be 
caused  by  "over'control";  when  they  do  occur,  the  layers  are  fsMd  at 
different  heights  with  time  so  that  in  a  mean  sounding  they  wouM  be  averaged 
out.  The  Aberdeen  sounding  was  subsequently  smoothed  by  eye. 

The  nonsystematic  soundings  could  not  be  tested  for  bias,  in  several 
cases  nothing  other  than  mixing  ratio  and  height,  or  pressure,  was  measured. 
This  provided  r.o  ba<is  for  comparison  with  climatic  records.  Tcaticf  z. 
single  ascent  for  bias  would  be  virtually  meaningless.  Thus  the  aoneystematlc 
soundings  were  used  in  the  hope  they  were  representative. 


8.  RESULTS 

8.1  Mixing  Rada 


Troposhperic  portions  of  the  mixing-ratio  proRle,  shows  in  Figure  3, 
were  obtained  as  discussed  in  Section  S.  For  the  stratospheric  portion,  mixing 


ratios  from  each  selected  ascent  were  ext  Mcted  at  the  9-,  U-,  14 17  •, 

20  26  •,  29  and  31  -  km  levels,  and  combined  into  six  mixing  ratios 

(or  each  of  these  nine  levels  (when  available): 

a.  The  mean  of  the  three  NKL  ascents 

b.  The  mean  of  the  two  BRL  ascents 

c.  The  U  of  D  spectroscopi-  scent 

d.  The  U  of  D  hygrometric  ascent 

e.  7  he  JMA  values 

f.  The  MRF  values. 

These  values  arc  shown  in  Figure  3,  together  with  the  mean 
mixing  ratio  for  the  vapor  trap  at  27.  5  km,  the  average  height  at  which  the 
samples  were  taken,  and  the  equivalent  molecular-sieve  data.  An  arithmetic 
average  value  for  each  level  was  computed  and  plotted,  giving  equal  weight 
to  each  of  these  six  mixing-ratio  values.  Such  weighting  is  purely  subjective, 
admittedly.  Assigning  equal  weights  to,  say,  the  MRF  data  (mean  of 
nearly  400  ascents)  and  to  a  single  U  of  D  sounding  does  not  imply  that  the 
U  of  D  sounding  is  considered  superior  to  the  MRF  ascerta,  nor  that  the 
soundings  of  any  group  arc  superior  to  those  of  any  other  group.  The  object 
of  this  study  was  reference  atmosphere  for  inuisture  which  theoretically 
should  integrate  time  and  space.  Assigning  equal  weights  appeared  to 
yield  results  that  would  best  approximate  the  true  profiles.  Only  time  will 
prove  or  disprove  the  validity  of  this  personal  opinion. 

The  smooth  curve  fitted  to  the  average  value  at  each  of  the  nine 
levels  (Figure  3)  is  considered  to  represent  the  average  stratospheric  mid¬ 
latitude  mixing-ratio  profile.  Almost  all  the  individual  mixing-ratio 
measurements,  of  which  averages  are  shown  in  <^igure  3,  lie  within  one 
order  of  magnitude  of  the  mean  curve  (as  shown  there).  Until  more 
observations  of  known  reliability  are  available,  this  .interval  may  be 
considered  to  cover  the  range  of  usual  variation  of  tiiu  mixing  ratio  — 
including  perhaps  90  percent  of  all  values  in  middi>  1  •titudes.  (Since  the 
frequency  distribution  of  mixing  ratios  is  quite  skewed,  estimates  of 
standard  deviation  are  of  little  utility). 

The  mixing-ratio  profile  shows  an  almost  logarithmic  decrease 
with  height  from  the  surface  to  about  7  km;  thence,  a  very  steep  moisture 
gradient  to  9  km.  From  9  km  the  mixing  ratio  decreases  less  rapidly  to 
14  km,  then  is  almost  constant  to  17  km,  reaching  its  minimum  value  in 
this  layer.  From  17  to  31  km,  the  mixing  ratio  increases  logarithmically 
with  height. 
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Baaed  on  the  MRF  data.  Roach  (1961)  suggested  that  up  to  IS  km 
the  mixing  ratio  varies  with  the  fourth  power  of  the  pressure:  w  •  a  P^.  A 
best-ntting  straight  line  to  the  values  shown  in  Figure  3,  instead  of  the  curve 
actually  presented,  has  an  exponent  of  3.  S,  rather  than  4,  but  Roach's 
suggestion  may  be  useful  as  a  rough  approximation. 

The  most  questionable  part  of  the  profile  below  1 1  km  is  the  layer 
between  7  and  9  km,  for  which  no  reliable  data  were  available.  Conventional 
radiosondes  usually  stop  recording  humidity  even  below  7  km;  kt  and  6  km 
they  are  notoriously  inaccurate.  Some  investigators  do  not  consider  their 
frostpoint  hygrometers  reliable  in  layers  with  a  combination  of  fast  ascent 
and  steep  water>vapor  gradient,  such  as  prevail  in  this  layer. 


8.2  Dcwpainc-Frastpaim 

The  dewpoint'frostpoint  profile  (Figure  4)  was  derived  in  a  manner 
similar  to  that  for  the  mixing  ratio.  In  the  troposphere,  values  used  are  the 
Fukuoka  -  Washington  averages,  discussed  in  a  previous  Section.  In  the 
stratosphere,  all  the  observations  used  had  been  reported  in  terms  of  frost- 
point  as  well  as  mixing  ratio,  except  the  two  University  of  Denver  flights, 
using  the  molecular  sieve  and  the  vapor  trap;  for  these  frostpoints  were 
obtained  from  the  reported  mixing  ratios,  using  standard  atmosphere  pressures 
for  the  indicated  heights.  Each  individual  or  mean  sounding  was  then  plotted 
as  dewpoint  •  frostpoint  against  height,  and  values  extracted  at  3  •  km  intervals 
shown  in  Figure  4.  A  smuuth  curve  was  then  drawn  through  the  uicans  com¬ 
puted  for  the  six  (or  fewer)  values  at  each  level,  and  values  extracted  for 
Table  4. 


At  all  levels,  the  dewpoints  are  colder  than  the  Standard  'tinosphere 
temperature  (also  shown  in  Figure  4).  The  stratospheric  mixing-ratio  and 
frostpoint  profiles  are  not  quite  equivalent,  because  some  frostpoints  were 
approximated  whereas  all  mixing  ratio  values  had  been  given  directly. 

Also,  the  exact  relation  between  dewpoint  and  mixing  ratio  st  any 
given  pressure  is  not  linear;  a  mean  dewpoint  at  a  given  pressure  computed 
from  the  mean  mixing  ratio  will  be  warmer  than  the  average  of  individual 
dewpoints.  Thus  the  derived  mean  mixing-ratio  profile  could  not  be  man¬ 
ipulated  to  yield  an  accurate  eq<iivalent  mean  dewpoint  profile. 
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8.3  Other  Metturementt 


The  mean  annuel  relative  humidity  profile  froiti  the  surface  to  7  km 
waa  derived  in  a  conventional  manner.  available  data  sources 

(Ratner  1957).  Annual  relctive  humidity  data  for  the  climatic  variety  of  mid¬ 
latitudes  were  weighted  and  averaged  to  obtain  representative  values  (Table  4). 

.\bove  7  km.  many  of  the  selected  stratospheric  humidity  ascents 
did  not  have  concurrent  temperature  and  moisture  data  from  which  the  relative 
humidity  could  be  obtained  or  even  estimated.  An  estimation  of  the  average 
annual  relative  humidity  at  2  -  km  intervals  from  S  to  31  km  was  obtained 
from  the  average  frostpoints  ( to  the  nearest  whole  degree)  given  in  Table  4, 
using  standard  atmosphere  temperatures  (or  the  same  elevations.  The 
relative  humidity  thus  computed  underestimates  the  true  relative  humidity 
since,  at  any  given  temperature  the  rate  of  change  in  relative  humidity 
decreases  with  increasing  temperature  -  dewpoint  depression,  so  humidities 
from  means  are  lower  than  mean  humidities.  In  addition,  relative  humidity 
waa  also  computed  from  the  mean  mixing  ratio  and  corresponding  Standard 
Atmosphere  conditions. 

Furthermore,  the  dewpoint  -  frostpoint  corresponding  to  the  mean 
mixing  ratios,  and  the  mixing  ratios  corresponding  to  the  mean  dewpoint  - 
frostpoint  values,  were  computed,  again  under  Standard  Atmosphere  conditions. 
Finally,  precipitable  water,  absolute  Uumidity  (vapor  density),  and  vapor 
pressure  were  computed  from  each  of  the  independently  determined  profiles 
of  mixing  ratio  and  dewpoint  -  frostpoint. 

All  these  supplemental  data,  obtained  by  th?  expropriate  formula!., 
are  given  in  Table  4.  together  with  explanation  of  tb.:  i'  ithod  of  cnlculatioi. 
Asterisks  Indicate  the  values  recommended  for  general  use  ;  these  generally 
are  values  obtained  most  directly  from  one  of  the  two  independent  profiles, 
without  Standard  Atmosphere  assumptions. 

9.  SUMMARY  AND  CONCLUSIONS 


Mean  Annual  vertical  profiles  to  31  km  in  middle  latitudes  of 
mixing  ratio  and  dewpoint  -  frostpoint.  obtained  as  independent  means  from 
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d  Atmosphere,  from  Revised  U.  S.  Stsndard  Atmosphere,  1862  (*RUSSA*), 

3 

»:  temperature  (*0.  presture  (mb)«  density  of  air  (g/m  )  (assumed  dry). 

2 

re  of  water  vapor,  in  microbars:  1  pb  *  0,  001  mb  ■  1  d>n/cm  . 
kturated  at  ambient  RUSSA  temperature;  from  SMT  94  and  96. 


Saturation  aaaumed  with  respect  to  plane  surfaces  of  liquid  water  above  -40'C,  of  ice  below  -40‘C, 


the  same  basic  measurements  of  stratospheric  moisture  and  routine  tropos-  ■ 
pheric  radiosonde  observations,  are  presented  In  Figures  3  and  4  and  Table  4. 
Neither  profile  can  be  obtained  from  the  other:  the  non-linear  relation  between 
mixing  ratio  and  condensation  temperature  (dewpoint  -  frostpoint)  insures 
that  the  respective  means,  separately  obtained,  will  not  correspond. 

From  each  of  the  basic  profiles,  other  expressions  for  the  moisture 
content  of  the  atmosphere  have  been  derived,  using  Standard  Atmosphere 
conditions  where  required.  The  two  sets  of  values  of  absolute  humidity 
(vapor  density),  vapor  pressure,  precipitable  water,  and  relative  humidity 
(jiffer,  of  course.  Preferred  values  are  indicated  by  asterisk.  (Relative 
humidity  up  to  7  km  was  computed  independently,  from  published  radiosonde 
summaries). 

The  most  reliable  single  clement  is  the  mixing  ratio,  because  all  the 
selected  data  were  given  in  terms  ot  mixing  ratio  and  required  iio  approximations, 
such  as  those  used  for  the  dewpoint  -  frostpoints.  However,  values  derived 
from  the  dewpoint  -  frostpoint  seem  more  reliable  than  those  based  on  the 
mixing  ratio,  because  fewer  Standard  Atmosphere  assumptions  are  used.  A 
small  change  in  dewpoint  corresponds  to  a  large  change  in  mixing  ratio,, 
especially  at  low  dewpoint:  the  mean  annual  mixing  ratio  at  10  km  is  3T  ppm. 
while  the  mean  frostpoint  of  -602  corresponds  to  a  mixing  ratio  (at  264  mb) 
of  28  ppm. 

The  tentative  moisture  profiles  presented  herein  undoubtedly  will  be 
revised  and  extended  as  the  state-of-the-art  advances.  The  large  amount 
of  subjectivity  used  in  deriving  the  stratospheric  portion  ot  the  moisture 
profiles  makes  revision  especially  desirable.  Despite  their  deificiencies, 
these  models  may  be  used  until  expected  revisions  and  extensions  appear. 


Figure  3 


AdurawitOMc: 


Messrs.  John  A.  Brown.  Knimet  C.  Pybus.  and  Do'.id  C,  Murcray 
provided  valuable  data,  hitherto  unpublished.  The  Climatic  Center  of 
the  Air  Weather  Service  computed  and  supplied  tropospheric  humidity 
data  for  several  stations,  of  which  those  for  Fulcuoka  and  Washington 
were  Anally  selected.  Much  tedious  computation  and  graphing  was  done 
by  students  at  Regis  College.  Weston,  Mass. ,  under  the  supervision  of 
Sister  M.  Leonards,  and  by  Mr.  Paul  Nee  of  Northeastern  University 
and  John  Barclay  of  Boston  University,  who  drafted  all  the  figures. 

Helpful  suggestions  and  guidance  were  given  uiistintingly  by  D.  Christian 
1C.  Junge,  formerly  of  AFCRL,  and  by  many  staff  members  of  the 
Meteorological  Development  Laboratory,  AFCRL,  especially  Mr.  Norman 
Sissenwin^  its  chief,  and  Ur.  Arnold  Court,  who  directed  the  study 
and  edited  the  manuscript. 
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1952,  tdiitd  by  T.  0.  Haig  aai  R.  A.  Craig,  Fab  19S3. 

No.  31.  Coafanaee:  Waatber  Effeeta  oa  Naclear  Detoaatieaa  (V),  edited  by  B,  Grottmaa,  Feb  1953. 
(SECRET/RESTRICTED  DATA  Report) 

No.  32.  OpaiatioB  IVY  Project  6.11.  Free  Air  Atomic  Blaal  Preaaare  aad  Hieimal  Maaairemeata 

m  N.  A.  Hiekell  aadP.R.  Goat,  Mar  19S3.  (SECRET / RESTRICTED  DATA  Report) 

No.  33.  Variability  of  Sabjectiva  Cloiil  Obaanalioaa  •  I,  A,  U.  GaUtgpa,  Mar  1953. 

No.  34.  Feasibility  of  Datectiag  Atmoapberie  lavatoioao  by  Eleetroaagaatic  Piobiog,  A.  L.  Aden, 

Mar  J953. 

No.  35.  Flight  Aspacts  of  iba  Moaotaio  Vova,  v.  F.  Jeakiae  aad  /.  Kuettrter,  Apr  1953. 

No.  36.  Report  oa  Particle  Preeipiladoa  Meaaaremaata  PerfonaeJ  Dariag  the  Bastar  Teats  at  Nevada 

(V),  A.  '.  Pattaile,  Apr  1953.  (SECRET/RESTRICTED  DATA  Report) 

No..  37.  Critical  Eavalope  Stady  for  the  XB-63.  B>52A,  aad  F-89  (U),  N.  A.  Haekell,  R.  H.  Chapmen 
and  M.  H.  Seavey,  Apr  1953.  (SECRET  Report) 

No.  38.  Nolea  oa  tba  Pradi  'tioa  of  OvaipraaaaivO  From  Vary  Large  Tbanao.NBelaar  Bombs  (U),  N.  A. 
Haekell  Apr  1953.  (SECRET  Report) 

No.  39.  Atmoopherie  Atteaaatioa  of  lafrarei!  Ozygea  Afterglow  Emissioa  (b),  N.  J.  Oliver  and  J.  W. 
Cbamherlain,  Apr  1953.  (SECRET  Report) 

No.  40.  (Claaaified  Title),  R.  E.  Hone  Hay  1953,  (SECRET  Report) 

No,  41.  Tba  Sileat  Area  Foracastiag  Ft  -Jam  (V),  9.  K.  Widget,  Jr.,  May  1953,  (SECRET  Report.) 

No.  42.  As  Aaalyaia  of  the  Coatniil  Problem  WX  R.  A.  Craig,  Jen  1953.  (CONFIDENTIAL  Report) 

No.  43.  Sodiam  ia  tba  Upper  Atmoophare,  L.  E.  Miller,  Jen  1953. 

No.  \  ‘  Silver  Iodide  Oiffoaioa  ExperiaMots  Coodacted  at  Camp  Wallfleet,  Maaa.,  Dariag  JalyAagast 
1952,  P.  Goldberg  et  at,  Jen  1953. 

No.  45.  The  Vertical  Distribotioa  of  Water  Vapor  ia  tbe  Sitaiaspbeto  aad  tba  Upper  Almospbeio,  L.  E. 
MiUer,  Sep  1953.  rr  -r 

No.  46.  Operatioa  IVY  Pjrojeet  6.11.  (Fiaal  Report).  Free  Air  Atomic  Blast  Pressaro  aad  Thermal 
Meaaaremaata  (U),  N.  A.  Haekell,  J.  0.  Vann  and  P.  R.  Uaet,  Sep  1953  (SECRET/RE- 
STRICTED  DATA  Report) 

No.  47.  Critical  Eavelme  Study  for  the  BdUA  (OX  N.  A.  Haekell,  R.  M.  Ckaomtm  and  M,  H.  Seavey, 
Sep  1953.  (SECRET  Report) 

No.  48.  Operatioa  Upabot-Kaotbolc  Project  1..1.  free  Air  Atomic  Blast  Prei.'ire  Measarsmeats.  Re¬ 
vised  Report  (V),  N.  A.  Haekell  aad  R.  M.  Brubaker,  Nov  1953.  (SECRET/RESTRICTED 
DATA  Report) 

No.  49.  Mazimom  Hamidity  ia  Eagioeeriag  Desipi,  N.  Sieeemeine,  Oet  1953. 

No,  50.  Probable  Ice  lalaad  Locatioas  ia  tbe  Arctic  Basis,  Joaaary  1954,  P.  Craty  and  I.  Browne, 
May  1954. 

No.  51.  lavestigatioa  of  TRAC  for  Active  Air  Defease  Purposes  (VX  G.  W.  Waree,  R.  Petutdorf,  V,  G. 
Plank  and  B.  11.  Groeeman,  Dee  1953,  (SECRET/RESTRICTED  D.*ta  Report) 

No.  52.  Radio  Noise  Emissions  Daring  Tbermouaclesr  Reactions  (VX  T.  J.  Keneehea,  Jen  1954. 
(CONFIDENTIAL  Report) 

No.  S3.  A  Method  of  Correcting  Tabnlated  Rawiasoade  Wind  Speeds  for  Cnrvatara  of  tbe  Eordi,  R. 

Leviton,  Jan  1954. 

No.  54.  A  Proposed  Radar  Slotm  Warning  Service  For  Army  Combat  Operatioaa,  M.  G.  H.  Ligda,  Aag 
1954. 

No.  55.  A  Comparison  of  Altitude  Correctiboa  for  Blast  Overpressnre  (VX  N.  A.  Haekell,  Sep  1954. 
(SECRET  Report) 

No.  56.  Altenaating  Effects  of  Atmospheric  Lirpiid  Water  on  Peak  Overpresonres  from  Blast  Wavae  (VX 
H.  P.  Gaavin,  J.  H.  Healy  and  M.  A.  Bennett,  Oet  1954.  (SECRET  Report) 


AIR  FORCE  SURVEYS  IN  CEOPHYSICi  (C«iiiM«d) 


No.  57.  Windapaed  Pnlila,  Riadahaar,  aad  Gaata  (or  Daaiga  of  Gaidaaea  Sfataaia  for  Vertical  Riaiag 
Air  Vahielea,  N.  Siajemvtae,  Nov  1954. 

No.  58.  Tha  Soppraaaioa  of  Aircraft  Exhaaat  Traila,  C.  E.  Aodtnon,  Nov  1954. 

No.  59.  Prolimiaaiy  Raport  oo  tha  Attaaaatioa  of  HianBal  Rauiatioa  Fioai  Atomic  or  IlionBaaacIaar 

Waapoaa  (0),  R.  11.  CKapt.ao  and  M.  H.  Seavty,Nov  1954.  (SECRET/RESTRICTED  DATA  Rf 

port) 

No.  60.  Haight  Enota  ia  a  Rawia  Syatam,  R.  Ltviton,  Dot  1954. 

No.  61.  Mataorologieal  Aapaeta  of  Coaotaat  Laval  Ballooa  Oparatiooa  (U),  W.  K.  Wldgtr,  Jr.  at  of.  Doe 

1954.  (SECRET  Rtport) 

No.  62.  Variatioaa  ia  Caomalric  Hai^t  of  30  to  60  Thoaaaad  Foot  Ftaoaaf*.AItitadao  (UX  N. 
Siaaaaietaa,  A.  E.  Colt  oadv.  fiogiaaijr.  Dee  1954.  (CONFIDENTIAL  Roport) 

No.  63.  Raviaw  of  Tima  acd  Spaea  Wiad  Flactaatioaa  ApplicaUa  to  Coavaotioaal  Balliatie  Datap* 
miaatioaa,  f.  Bofintky,  N.  Sintonviiiit,  B.  Detvidsom  and  U.  Lattoa,  Doe  1954. 

No.  64.  Cloadiaaaa  Abova  20,000  Faat  for  Cartaia  Stellar  NavicatioB  Piohlama  (UX  A.  £.  Colo,  Jan 

1955.  (SECRET  Report) 

No.  65.  Ha  Faaaibility  of  tha  Idaatifieatioo  of  Hail  aad  Savato  Sloima,  D.  Atlas  end  R.  Donaldoon, 

Jan  1955. 

No.  66.  Rata  of  Raiafall  Fraquaaciaa  Ovar  Selactad  Air  Roataa  aad  DaoliBatioaa  (VX  R.  E.  Colo  and 
N.  Sitnonwine,  liar  1955.  (SECRET  Roport) 

No.  67.  Soma  Cooaidaratioaa  oa  tha  Modaliaa  of  Cratariaa  Phaaomaaa  ia  EatthfUA  N,  A.  Haokott,  Apr 
1955.  (SECRET/ RESTRICTED  DATA  Report) 

No.  68.  Tha  Praparatioa  of  Extaodad  Forecaata  of  tha  Praaaora  Haight  Diatrihatioa  ia  tha  Frea  Atmoa* 
phara  Over  North  Amariea  by  Uaa  of  Empirical  laflaaaca  Faactioaa,  R.  M.  White,  Jfojr  1955. 

No.  69.  Cold  Vaathar  Effact  oa  B42  Laaaehiag  Paiooaaal  (VX  N.  Sieeanmime,  Jan  1955.  (SECRET  Ro. 
port) 

No.  70.  Atmoapharie  Piaaaara  Polaa  Maaaaremaata,  Oparatioa  Caatla  (OX  E.  A.  Ftanrand,  Ann  1955. 
(SECRET/RESTRICTED  DATA  Report) 

No.  71.  Rafraetioa  of  Shock  Wavaa  ia  tha  Ataroaphare  (VX  N.  A.  Haskell,  Ang  1955  (SECRET  Report) 
No.  72.  Wiad  Variability  aa  a  FaaetioB  of  Tima  at  Maroe,  Califoiaia,  B.  Singer,  Sap  1955. 

No.  73.  Tha  Atamaphara,  N.  C.  Gorton,  Sep  1955. 

No.  74.  Araal  Variatioa  of  Cailiag  Haight  (VX  W.  Bagintkf  and  A.  E.  Co!t,  Cot  1955.  (CONFIDENTIAL 
Report) 

No.  75.  Aa  Obiactiva  Syatam  toe  Prapariag  Oparatioaal  Waathar  Foteeastai,  /.  A.  Land  and  E.  W.  Wahl, 
Nov  1955. 

No.  76.  Tha  Practical  Aapaeta  of  Tropical  Meteorology,  C.  £.  Palmer,  C.  7.  Wise,  L.  J.  Stompson  and 

G,  H.  Dnnoan,  Sep  1955. 

No.  77.  Remote  Detaimiaatioa  of  Soil  Trafficability  by  Aerial  Paaatiomatar,  C.  Molinenx,  Oet  1955. 

No.  78.  Effecta  el  tha  Primary  Coamic  Radiatioa  oa  Matter,  H.  O.  Curtis,  Jan  1956. 

No.  79.  Tropoapharic  Variatioaa  of  Rafractivo  lodax  at  Microwava  Fragaeaciaa,  C.  F.  Compea  arid  A.  E. 
Cole,  Oet  1955. 

No.  80.  A  Program  to  Teat  Skill  ia  Tatmiaal  Foraeaatiag,  1. 1.  Gringotton,  L  A.  Lund  and  M.  A.  Millar, 
Jan  1955. 

No.  81.  Extreme  Atmoapheraa  aad  Balliatie  Daaaitiaa,  N.  Sittetmino  and  A.  £.  CoU,  Jul  1955. 

No.  82.  Rotatioaal  Fre^eaciea  aad  Ahaorptioo  Coafficieata  of  AbBoaphotic  Caaaa,  &  N.  Ghosh  and 

H.  D.  Edwards,  Mar  1956. 

No.  83.  loaoapharie  Effevta  oa  Poaitioaiag  of  Vahielea  at  High  Altitadae,  W.  Pfister  tmd  T.  J. 
Kenethea,  Mar  1956. 

No.  84.  Pra>Tioagh  Wiatar  Precipitatioa  Foraeaatiag,  P.  W.  Funhe,  Feh  1957. 


AIR  KORCK  SURVEYS  IN  GEOPHYSICS  (Conliitoed) 

No.  8S.  Geomagnetic  Field  Extrapolation  Techniquea  —  An  Evaluation  of  the  Poiaaon  Integral  for  a 
Plane  (V),  1.  F.  McClay  and  P.  Foufert,  Fek  1957.  (SECRET  Report) 

No.  86.  The  ARDC  Model  Atmoaphere,  19S6,  R.  A.  Mimner  a..J  T.  5.  Ripley,  Dee  1956. 

No.  87.  An  Eatimate  of  the  Maximum  Raage  of  Detectability  of  Seiatnic  Signala,  N.  A.  Uaekell,  Mar 
1957. 

No.  88.  Some  Concepta  for  Predicting  Nuclear  Crater  Size  (V),  F.  A.  Crowley,  Feb  1957.  (SECRET/ 
RESTRICTED  DATA  Report) 

No.  89.  Upper  Wind  Repreaentation  and  Flif^t  Planning,  /.  I.  Gringorten,  Mar  1957. 

No.  90.  Reflection  of  Point  Source  Radiation  From  a  Lambert  Plane  Onto  a  Plane  Receiver,  A,  f. 

Cueaa,  Jul  1957. 

No.  91.  The  Varialiona  of  Atmoapheric  Traaamiaaivity  and  Cloud  Height  at  Newark,  T,  0.  Haig,  and 
f.  C.  Morton,  III,  Jan  1958. 

No.  92.  Collection  of  Aeromagnetic  Infotmatioa  For  Guidance  and  Navigation  (VX  R‘  Hutchirteon,  B. 
Shuman,  R.  Brereton  and  J.  MeClay,  Aug  1957.  (SECRET  Report) 

No.  93.  The  Accuracy  of  Rind  Determination  From  the  Truck  of  a  Falling  Object,  k.  Lolly  and  R. 

Levitan,  Mar  1958. 

No.  94.  Eatimating  Soil  Moiature  and  Tractioanbility  Conditiona  for  Strategic  Planning  (VX  P*it  1  ■ 
General  method,  and  Part  2  •  Appiicatioaa  and  interpreintioaa,  C.  V,  Thomthwaite,  J.  R. 

Mather,  D.  B.  Carter  and  C.  E.  Molineux,  Mar  1958  (Vnelatsified  Reportjl  Part  3  -  Average 
aoil  moiature  and  tractionability  conditiona  in  Poland  (VX  D.  B.  Carter  and  C.  E.  Molineux,  Aug 
1958  (CONFIDENTIAL  ReportX  Part  4 'Average  aoil  moiature  and  tractionability  conditions 
in  Yugoalavia  (VX  D.  B.  Carter  and  C.  E.  Molineux,  Mar‘1959  (CONFIDENTIAL  Report) 

No.  9S.  Wind  Speeda  at  30,000  to  100,000  Feet  and  a  Related  Balloon  Platfoim  Deaign  Problem  (VX  N, 
Dvatkin  and  N.  Sitaenwine,  Jul  1957.  (SECRET  Report) 

No.  96.  Development  of  Miaaile  Deaiga  Wind  Profilea  for  Patrick  AFB,  N.  Siaaenwine,  Mar  1958. 

No.  97.  Cloud  Baae  Detection  by  Airborao  Radar,  R.  J.  Donaldaon,  Jr.,  Mar  1958. 

No.  98.  Mean  Free  Air  Gravity  Anoiualiea,  Geoid  Contour  Curvea,  cad  the  A  verage  Deflectiona  of  the 

Vertical  (V),  V.  A.  Heiakanen,  IL  A.  Votila  and  0.  V.  Villiama,  Mar  1958.  (CONFIDENTIAL  Re- 
port) 

No.  99,  Evaluation  of  AN/GMD'2  Wind  Shear  Data  for  Development  of  Miaaile  Deaign  Criteria,  N. 

Dvoakin  and  N.  Siaaenwine,  Apr  1958. 

NoJOO.  A  Phenomenological  Theory  of  the  Scaling  of  Fireball  Minimum  Red':-c:  Intensity  with  Yield  and 
Altitude  (V),  H.  K.  Sen,  Apr  1958.  (SECRET  Report) 

No.lOl.  Evaluation  of  Satellite  Obaerviag  Network  for  Project  "Space  Track".  G.  R.  Micaaika  and  H.  0. 
Curtia,  Jun  1958. 

No.102.  An  Operational  Syatem  to  Measure,  Compute,  and  Present  Ap,;rosrb  Vieibility  Information,  T.  O. 
Haig  and  W.  C.  Morton,  III,  Jun  1958. 

No.103.  Hazards  of  Lightning  Discharge  to  Aircraft,  G.  A.  FoucAer  and  H.  0.  Curtia,  Aug  1958. 

No.104.  Contrail  Prediction  and  Prevention  (VX  C.  S.  Downie,  C.  E.  Anderaon,  S.  /.  Biratein  and  B.  A. 
Silverman,  Aug  1958.  (SECRET  Report) 

No.lOS.  Methods  of  Artificial  Fog  Dispeiaal  and  Their  Evaluation,  C.  £.  Junge,  Sep  1958. 

No.106.  Thermal  Techniques  for  Dissipating  Fog  From  Aircraft  Runways,  C.  S.  Downie  and  R.  B.  Smith, 
Sep  1958. 

No.107.  Accuracy  of  RDF  Position  Fixes  in  Tracking  Constant-Level  Balloons,  K.  C.  Gilea  and  R.  £ 
Peteraon,  edited  by  V.  K.  Vidger,  Jr.,  Oet  1958. 

No.lOS.  The  Effect  of  Wind  Errors  on  SAGE^Guided  Intercepts  (VX  E.  M.  Darling,  Jr.  and  C.  D.  Kern, 

Oet  1958  (CONFIDENTIAL  Report) 

No.109.  Behavior  of  Atmospheric  Density  Profiles,  N.  Siaaemptne,  W.  S.  Ripley  and  A.  E.  Cole,  Dee  1958. 


AIR  FORCE  SURVEYS  IN  CEOPHYSICS  (CMiiMmi) 


N0.IIU.  Magnetic  Deteiminacion  of  Space  Vehicle  Xuitr'I .  /•  F.  MtClaf  and  P.  F.  Fougaref  Mar 

1959.  (SECRET  Report! 

No.lll.  Fiaal  Report  on  Exhauat  Trail  Phjraica:  Project  7630,  Taah  76308  (Ul,  M.  !1.  McKenna,  and 
H.  O.  Curtis,  Jut  1959.  (SECRET  Report) 

Na.112.  Accnracy  at  Mean  Monthly  Geoatrophic  Rind  Veclon  aa  a  Feacriea  of  Station  Netwoih  Dan* 
aitjr,  H.  A.  Salmela,  Jun  1959. 

N0.II3.  An  Eatimate  at  the  Strength  of  the  Acouatic  Signal  Gaaaiatad  hf  aa  ICBM  None  Coaa  Reentry 
(V),  N.  A.  Haskell,  Aug  1959.  (CONFIDENTIAL  Report) 

No.114.  Hie  Role  of  Radiation  in  Shock  Propagation  with  Applirationa  la  Allitade  and  Yield  Scaling  of 

Naclear  Firebella  (U),  H.  K.  Sen  and  A.  W.  Guess,  Sep  19S9.  ISECRET/RESTKlC'l'ED  DATA  Report) 

N0.IIS.  ARDC  Model  Atmoaphere,  19S9,  R.  A.  Minsner,  K.S.9.  Chawpr'an  and  R.  L.  Pond,  Aug  1959. 

No.116,  Refinementa  in  Utilization  of  Contour  Charta  for  CliiaatiraHy  Specified  Wind  Profilea,  A.  E. 
Cole,  Oct  1959. 

Na.ll7>  Oeaign  Rind  Profilea  From  Japanene  Relay  Sonadiag  Deta,  N.  Sinsenwine,  M.  T.  Mulksm, 
and  H,  A.  Salmela,  Dee  1959. 

No.118,  Military  Applicationa  of  Supercooled  Cloud  and  Fog  Diaaiparioa,  C.  S.  Downiei,and  B,  A. 
Silverman,  Dee  1959, 

No.119.  Factor  Analynia  and  Stepwiae  Regreaaion  Applied  to  the  2t-Hoar  I^edictiuo  of  SOOnnb  Rinda, 
Temperatorea,  and  Heighta  Over  a  Silent  Area  (U),  E.  J.  Auiert,  1.  A.  Lund,  A.  Thomasell,  Jr,, 
and  1.  J.  Pasniokas,  Feb  1960.  (CONFIDENTIAL  Report) 

N0.I2O.  An  EUtimata  of  fVeeipitable  Rater  Along  lligh>Altitade  Ray  Pitha,  Murray  Cutniek,  Mor  I960. 

N0.I2I.  Analyzing  and  Forecaating  Meteorological  Conditiona  ia  the  Upper  Tropoaphace  and  Lower 
Stiratoophero,  R.  M.  Endlieh  and  C,  S,  McLean,  Apr  1960. 

Na,122.  Analyaia  and  I\edietion  of  the  SOOmih  Surface  ia  a  SileaZ  Area,  (V),  E,  A,  Aubert,  May  1960, 
(CONFIDENTIAL  Report). 

No.123.  A  Diffttaion4)apoaitioa  Model  for  In4^light  Releaae  of  Finaion  Fragaiaata,  M.  L.  Barad, 

D,  A,  Haugen,  and  J.  J,  Fuquay,  Jun  1960. 

Na.l24.  Resenrch  end  Oefelopment  in  the  Field  of  Geodetic  Seienca,  C.  E.  Ewing,  Aug  1960. 

No.l2S>  Extreme  Value  Statiatica  —  A  Method  of  Applicatioa,  /.  /.  Gringerten,  Jun  1960. 

No.126,  Notea  on  the  Meteorology  of  the  Tropical  PaciHc  and  Soatheaat  Aria,  W,  D.  Mount,  Jun  I960, 


No.127.  Inveatigationa  of  lce>Free  Sitea  for  Aircraft  Landinga  in  Eaat  Greenland,  \959,,J.ff.,  Hartshorn, 
G,  E,  Stoerts,  A.  N,  Rover,  and  S,  N,  Davis,  Sep  1961. 


Na.l28.  Guide  for  Computation  of  Horizontal  Geodetic  Surveya,  H.  R,  Kohler  and  N,  A.  Roy,.  Dee  I960. 
No.129.  An  Inveatigation  of  a  Perennially  Frozen  Lake,  D.  F.  Bernes,  Dee  I960. 


No.130.  Analytic  Specification  of  Magnetic  Fi‘lde,  P.  F,  Fougere,  Dee  I960.  (CONFIDENTIAL  Report  I 
No,131.  An  Inveatigation  of  Symbol  Coding  for  Weather  Data  Traaamiaaioa,  P.  I,  Hershberg,  Dee  I960. 


No.132.  Evaluation  of  an  Arctic  Ice-Free  Land  Site  and  ijesolta  of  C-13U  Aircraft  Teat  jLandinga  ••  . 

rolnria  TVomontory,  No.  Greenland,  1958-1959,  S.  Needleman,  0,  Kliek,  C.  E.  Molineux,  Mar  1961. 


No.133.  Effectiveneaa  of  the  SAGE  Syetem  in  Relation  to  Rind  Forecaal  Capability  (U), 
E.  M.  Darling,  Jr,,  and  Capt,  C.  D,  Kem,  May  1961.  (CONFIDENTIAL  Report) 


AIR  FORCE  SURVEYS  IN  GEOPHYSICS  (CooUoami) 

No.  134  Areo-Dooogo  Relationaliipa  aad  Tima  of  Tracer  Arrival  in  the  Greea  Glow  Pro^aoii 
f.  P.  Elliof,  R.  J.  Engtlmamt,  P.  W.  Niekola,  May  1961. 

No.  13S  Evaluation  of  Arctic  Ice-Free  Land  Sitea  -  Kronp.l.  i  Chriatian  Land  and  Peary 
Land.  North  Greenland,  1960,  f.  E.  Davits  and  D,  B.  Krinslty,  May  1961, 

No.  136  Miaaile  Borne  Radiometer  Meaanrementa  of  the  Thermal  Emiaaion  Characteriatica  of 
ICBM  Plumea  (U),  R.  E.  Hunter  and  L.  P.  Mareotte,  Jut  1961,  (SECRET  Report) 

No.  137  Infrared  Studiea  of  ICBM  Plumea  Uaing  Miaaile  •  Borne  Spectiometem  (U),  R,  E.  Hunter 
and  L,  P.  Mareotte,  Sep  1961.  (SECRET  Report). 

No.  138  Arctic  Terrain  Inventigatioaa  Centrum  Lnke,  N  E  Greeni&nd,  1960,  S,  M.  Needleman 
Jut  1962. 
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